Complexes of potato spindle tuber viroid (PSTV) with plant nuclear proteins were investigated by in vitro reconstitution of purified viroids and proteins from nuclear extracts, on nitrocellulose filters and in solution. Well defined complexes were formed under both conditions. Competition for complex formation was achieved by greater than a 1000-fold excess of 5S RNA. Linear PSTV transcripts form complexes with protein that are different from those of circular PSTV. Natural viroid-protein complexes were crosslinked covalently by u.v. radiation in nuclei isolated from infected plant tissue. They have a sedimentation coefficient of approximately 10S, and exhibit defined bands in SDS-PAGE gels which are similar to those of viroid-protein complexes reconstituted in solution. A 43K protein was isolated from the cellular complexes by RNase digestion. Complexes crosslinked by u.v. radiation eluted together with non-crosslinked PSTV RNA in anion-exchange HPLC on Nucleogen columns. Using HPLC of non-irradiated samples a 43K protein eluted at a KCI concentration of 0-61 M, but only in samples from infected material. The relevance of the viroid-protein complexes for viroid function is discussed.
INTRODUCTION
Viroids are an independent class of plant pathogens. They are circular ssRNAs composed of 240 to 370 nucleotides. They differ from viruses by the lack of a protein coat and their smaller size. The sequences of more than a dozen viroid species are known (for reviews see S/inger, 1982; Riesner & Gross, 1985; Diener, 1987) . Intramolecular base pairing leads to a secondary structure in which short double helices and internal loops form an unbranched, rod-like structure. From the fact that viroids are infectious as naked RNA molecules and do not code for a translational product, one cannot infer that viroids are present in the cell as free RNA molecules. It is reasonable to assume that they are protected against nuclease degradation by being complexed with proteins or other cellular components. Furthermore several steps in viroid replication and their pathogenic action require well defined interactions of viroids and host cell components.
As a particular aspect of viroid-host cell interactions the location of viroids in the infected plant cell was investigated. Earlier studies based on infectivity tests suggested that viroids were associated primarily with nuclei (Diener, 1971; Sanger, 1972; Takahashi & Diener, 1975; Takahashi et al., 1982) and/or membranes (Semancik et al., 1976) . More recent studies (Schumacher et al., 1983) with highly purified nuclei from tomato green leaf tissue infected with potato spindle tuber viroid (PSTV) and fractionation of the nuclear components showed that more than 90~ of the viroid molecules are associated with the nucleoli. Incubation of infected nucleoli with buffers of increasing ionic strength abolished these interactions. This dependence strongly indicates that viroids are complexed with proteins within the nucleoli. The subfractionation of nucleoli after DNase I treatment and sonication under non-dissociating conditions revealed PSTV RNA sedimenting to have a sedimentation coefficient of approx. 10S (Wolff et al., 1985) . Since free PSTV has a sedimentation coefficient of only 6-6S (Riesner et al., Present address: Department of Botany, University of California, Berkeley, California 94720, U.S.A.
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Vimid RNA. PSTV was purified from infected tomato tissue (Lycopersicon esculentum) as described earlier (Riesner et al., 1987) . The PSTV strain was originally supplied by T. O. Diener, Beltsville, Md., U.S.A. and the 5S RNA was isolated as described by Colpan et al. (1983) .
Isolation of nuclei and preparation of subnuclear fractions. Nuclei from infected tomato leaf tissue were prepared as described by Schumacher et al. (1983) except that the nuclei were not suspended in buffer D as was misprinted, but in buffer E. Nuclei were fractionated into chromatin and nucleoli according to Pederson (1974) . The subfractionation of nucleoli including a DNase I digestion and a sonication step was performed as described previously (Wolff et al., 1985) .
Crosslinking by U. V. irradiation of proteins and nucleic acids. For crosslinking of nucleic acid-protein complexes the method of Schoemaker & Schiramel (1974) was applied to isolated nuclei. Nuclei (1 x 107/ml) were irradiated with 254 nm light (Fluotest 406 AC lamp; Heraeus) at 4 °C for 1 h from a distance of 5 to 6 cm; during irradiation the sample was gently moved in a Petri dish.
Preparation of protein extracts
Crude nuclear protein extract. Crude nuclear protein extracts were obtained from green leaf tissue by a slight modification of the methods of Wu (1984) and Kaulen (1985) . The preparation was carried out at 4 °C. Briefly 50 to 100 g of green leaf tissue was frozen in liquid nitrogen, homogenized with a Waxing blender for 1 rain without a buffer to obtain a dry powder, suspended subsequently in 4 volumes of 50 mM-Tris-HCl pH 7.9, 10 mM-KC1, 1.5 mM-MgC12, 0.1 mM EGTA, 1.5 mM-2-mercaptocthanol, 1 mM-PMSF, 250 raM-sucrose, and were homogenized again but with buffer for 30 s. After centrifugation for 10 rain at 5000 g, the sediment was washed once in the same buffer, and extracted by stirring for 30 min in a small volume of 50 mM-Tris-HC1 pH 7.9, 1.5 mM-MgCIz, 0.1 mM-EGTA, 15 mM-2-mercaptoethanol, 1 mM-PMSF, 5% glycerol and the following different NaCI concentrations: 0.045, 0.1, 0.2, 0.3, 0.4, 0-5, 1.0 and 2.0M, and in addition 2.0 M-NaC1 with 4"0 M-urea. The suspensions were centrifuged for 1 h at 100000 g. The resulting supernatants were dialysed for 12 h against 25 n~-Tris-HC1 pH 7-9, 50 mM-NaCI, 0. t-raM EDTA, 2 mM-2-mercaptocthanol, 0.5 mM-PMSF and 20% glycerol. The protein suspensions were frozen in liquid nitrogen and stored at -70 °C for viroid binding studies.
Nuclear protein extract. Protein extracts from isolated nuclei were prepared by a modification of the procedure described by Mayer et al. (1987) . Isolated nuclei were suspended in 0.5 volume of 2% Servalyte 3-10, 300 n'~-NaCI, 1 mM-EDTA, 1 mM-EGTA, 2 mM-Triton X-100, 5 mM-ascorbic ac!d, 100 mM-dithiothreitol(DTT), 1 mM-PMSF and adjusted to 1 to 2 mg/ml protamine sulphate. The mixture was extracted for 5 rain by rigorous stirring, incubated on ice for 10 rain and centrifuged for 2 min at 13000 r.p.ra, to pellet the nucleic acids. The supernatant containing the nuclear proteins was adjusted to 9 M-urea and used in 2D gel electrophoresis without further treatment.
Linear viroid strand transcripts. Linear RNAs with a PSTV sequence were synthesized using the T7 in vitro transcription system as described (Davanloo et aL, 1984) . The templates were plasmids pRH709, yielding PSTV RNA of monomer length with the 5" to 3' nucleotide orientation 147 to 359/1 to 146, and pRH713, yielding PSTV RNA of monomer length with the orientation 282 to 359/1 to 281 (Hecker et aL, 1988) .
Gel electrophoresis. The gel electrophoretic separation of proteins and nucleic acid-protein complexes was carried out by SDS-PAGE according to Laemmli (1970) . Samples were prepared in 2% SDS, 5% 2-mercaptoethanol, 20% glycerol and were heated to 80 °C for 5 min before application to the gel. Silver staining of gels was done according to Oakley et al. (1980) . Two-dimensional gel electrophoresis was performed as published by Mayer et al. (1987) . For the first dimension, a non-equilibrium pH gradient gel electrophoresis (NEPHGE) separation was performed in glass capillaries (Brand) with an inner diameter of 1 mm for 800 Vh. The second dimension was a gel electrophoresis according to Laemmli (1970) using 15% polyacrylamide gels.
Blotting of proteins and nucleic acid-protein complexes onto nitrocellulose membranes. Dot blots were performed using a Bio-Dot microfiltration apparatus (Bio-Rad). Nucleic acids were denatured at 100 °C for 10 rain, applied to nitrocellulose filters (BA85, Schleicher & Schiill) and the filters were heated to 80 °C for 2 h. Covalent nucleic acidprotein complexes were spotted onto the filters without pretreatment and without subsequent heating. For the transfer of proteins from gels to nitrocellulose membranes, gels were immersed in 'renaturation buffer' (50 mMNaCI, 2 mM-EDTA, 0.1 mM-DTT, 10 mM-Tris-HC1 pH 7.0) for 2 h at room temperature in order to facilitate the renaturation of the proteins (Bowen et al., 1980) . Subsequently proteins were transferred to nitrocellulose filters in an LKB 2005 Transfer electroblotting unit for 3 h (90 mV, 1 A). The transfer buffer was 25 n~-Tris, 0.19 M-glycine, pH 8.3. Nucleic acid-protein complexes were transferred from gels omitting the renaturation step.
In vitro reconstitution ofviroid-protein complexes. Complex formation of viroids with nuclear proteins which were bound to nitrocellulose filters was performed as described by Wolff et al. (1985) . The binding buffer contained 10mM-Tris-HC1 pH 7.0, 50 mM-NaC1, 1 mM-EDTA, 0.02~ bovine serum albumin (BSA), 0.02~ Ficoll, 0.02% polyvinylpyrrolidone. Viroid-protein complex formation in solution was performed with the crude nuclear protein extract from green leaf tissue (see above). Twenty ~tg of protein was incubated with 50 ng PSTV or 500 ng of linear viroid transcript, respectively, in 25 mM-HEPES pH 7.9, 10 mM MgC12, 1 mM-DTT, 0.1 rrtM-CaC12 in a volume of 50 ttl at 4 °C for 1 h. The complexes were covalently fixed by u.v.-irradiation and were detected by molecular hybridization of the PSTV component after gel electrophoresis and Western blot transfer.
Molecular hybridization of PSTV. For the detection of viroids or viroid transcripts within their complexes with proteins after binding to nitrocellulose filters, a well established hybridization procedure (Melton et al., 1984) was followed. The PSTV specific probe was a 32p.labelled transcript of the plasmid pRH605 obtained by using the SP6 transcription system. The cDNA of PSTV was originally obtained by cutting plasmid pAV401 (van Wezenbeek et al., 1982) with BamHI. The plasmid was kindly provided by Dr A. van Kammen. The cDNA was inserted into the BamHI site of the plasmid pSP65 (Melton et al., 1984) . This construct was linearized with HindlII, and RNA complementary to the sequence of PSTV was transcribed by the SP6 polymerase. The label was introduced by adding 1 ttCi/Ixl [ct-32p]UTP to the transcription mixture. After prehybridization [4 h at 42 °C in 50% formamide, 5 x SSC (1 x SSC is 0.15 M-NaCI, 0"015 M sodium citrate) 50 mM-potassit:m phosphate pH 6.8, 0.02% Ficoll, 0-02~0 BSA, 0.02% polyvinylpyrr-lidone 10, 250 lag/ml calf thymus DNA] the filters were hybridized at 55 °C for at least 10 h in the prehybridization buffer with an additional 5 ng/ml of 32p-labelled RNA. Subsequent washing was performed twice for 5 rain at room temperature in 0.1% SDS, 2 x SSC and twice at 75 °C for 30 min in 0.1 SDS, 0.1 x SSC. The filters were exposed to Kodak Xomat-S X-ray films at -70 °C using intensifying screens.
HPLC ofviroid-protein complexes. HPLC was performed on a LKB 2150 liquid chromatograph, equipped with an u.v. detector type 87.00 (Knaur). Samples were injected with the loop sample injector 7125 (Rheodyne) and a 2.5 ml sample loop. The chromatographic column was the weak anion-exchanger Nucleogen-DEAE 4000-10 (Macherey & Nagel) of 6 mm internal diameter and 100 mm length. The applications of Nucleogen columns for nucleic acid fractionation have been described earlier (Colpan et al., 1983; Hecker et al., 1985) . The samples were brought to 0-4 M-KC1, 25 mM-potassium phosphate pH 6.0, 6 M-urea, injected into the chromatograph, eluted with a linear salt gradient ranging from 0.4 to 0.9 M-KCI in a buffer containing 6 M-urea, 25 rr~-potassium phosphate pH 6.0, at ambient temperature. The gradient was 5 mM/min at a flow rate of 1 ml/min. Extracts from 4 × l0 s to 1 x 109 nuclei were fractionated in one chromatographic run and 2.5 ml fractions were collected. The fractions were diluted with 1 volume of water and were precipitated with 1 volume of isopropanol at -20 °C overnight. The precipitates were dissolved in 200 I~1 of 10 mM-Tris-HC1 pH 7-0, 0-1 mM-EDTA.
RESULTS
Viroid-host interactions were studied by two sets of experiments. First, an attempt was made to bind isolated viroids to cellular proteins; these experiments were an extension of the earlier work (Wolff et al., 1985) . Secondly, cellular viroid-protein complexes were analysed in situ by u.v. irradiation crosslinking studies using isolated nuclei from infected plants. Finally, properties of the complexes in both types of experiments were compared.
In vitro reconstruction of viroid-protein complexes
Cellular proteins may be separated by gel electrophoresis, blotted to nitrocellulose filters and incubated with isolated viroids to form viroid-protein complexes. The proteins are well characterized with respect to Mr and/or charge. The conditions of the binding experiments are far from being native. Reconstitution of viroid-protein complexes may also be carried out in solution before analysis by gel electrophoresis. Complex formation in solution occurs under native or near to native conditions, but analysis of the proteins involved will be more indirect.
Reconstitution of complexes with filter-bound proteins
The studies in our earlier report (Wolff et al., 1985) were extended in several directions. For the reader's convenience Fig. l(a) shows first a reconstitution experiment after a onedimensional gel electrophoresis but including a systematic ionic strength treatment of viroidprotein complexes. Washing with 0.4 M-NaC1 before fixation of the complexes released the viroids from their complexes with proteins. Special attention is drawn to the complexes with a 43K protein and with histones (14K to 20K). The strong binding of viroids to histories is caused by their basic nature and their high concentration in the nuclear extracts. The bands remaining visible at higher ionic strengths are interpreted as background from irreversible binding. The strength of viroid-protein binding was also studied with respect to its dependence upon Mg 2÷ concentration in the binding buffer. A marked optimum was obtained around 10 mM-MgC12 (data not shown). The specificity of viroid binding to proteins was characterized by competition experiments with 5S RNA from tomato leaf tissue. As shown in Fig. l(b) viroid binding to the 43K protein and histones was present even in a 10000-fold excess of 5S RNA, whereas the binding to two other proteins (36K, 29K) was abolished by a 100-fold excess.
In order to clarify whether the band of viroid-binding protein in one-dimensional gel electrophoresis consisted of several species with different isoelectric points, binding experiments were carried out after a 2D gel electrophoresis (Fig. 1 c) . The silver-stained gel of the proteins may be compared to an autoradiograph showing the pattern of viroid binding to the blotted proteins. The highly basic proteins of the extract were separable in the first dimension only when a non-equilibrium pH gradient was applied. Most of them were found still migrating with the front and only a few species of low concentration could be focused in the less basic range. Viroid binding was observed predominantly with the most basic proteins. The 43K protein ran as a single spot, i.e. no splitting into several species was observed, either in the stained gel or by looking at the binding pattern.
Reconstruction in solution
Binding experiments in solution were performed using crude nuclear protein extracts from green leaf tissue as larger amounts of proteins were available from this extract compared to nuclear protein extract. Twefity ~tg of protein was incubated with 50 ng PSTV, and the complexes were crosslinked by u.v. radiation. They were detected by molecular hybridization of the PSTV component after SDS-PAGE (7 ~o or 7-5 ~ polyacrylamide gels) and Western blotting onto nitrocellulose filters. By this method several crude nuclear fractions extracted with different salt concentrations (see Methods) from crude nuclear pellets were analysed. In Fig. 2(a) the binding of PSTV to proteins from different extracts is shown; low salt extracts (0.045 and 0.1 M-NaC1) did not reveal any viroid binding activity. In the other extracts, defined, viroidprotein complexes were detected as clear bands over the background. Lanes 10 to 13 show the control: PSTV was incubated with protein extracts (0.045, 0-3, 0.4 and 1.0 M-NaCI) without crosslinking by u.v. irradiation. No signals were detected in these lanes indicating that the bands occurring in the crosslinked samples were due neither to the binding of the hybridization probe to free PSTV nor to the transferred protein. Competition experiments similar to those in Fig.  l(b) but carried out in solution showed that a 1000-fold excess of competitor RNA abolished viroid binding (data not shown).
The same experiment was performed with linear RNA transcripts of the PSTV plus strand sequence instead of the natural circular viroid; the binding partners were the proteins from a 0.4 M-NaCI and a 2 M-NaC1 extract, mixed in a ratio of 1:1. As shown in Fig. 2(b) , defined viroid-protein complexes occur as distinct bands. However, the comparison of the complexes formed by linear transcripts with those formed by circular PSTV shows that the transcripts form a higher number of complex species. • however, the apparent Mr values of some complexes according to S D S -P A G E Mr marker proteins were determined: these were 72K, 56K, 47K, 42K and 33K.
Crosslinking of viroid-protein complexes in isolated nuclei Cellular viroid-protein complexes were identified in situ using the u.v. irradiation crosslinking method. Isolated nuclei (2 x l0 s) from infected plants were irradiated with u.v. light to introduce covalent crosslinks between proteins and nucleic acids. Nucleoli were prepared from irradiated nuclei, digested with D N A a s e I, sonicated according to the protocol to prepare 10S particles (Wolff et al., 1985) , and fractionated by a 5 -3 0~ (w/v) sucrose gradient.
Fractions (2 ml) from a 25 ml gradient were collected and extracted with phenol. Covalent nucleic acid-protein complexes should be found in the phenolic phase (Schoemaker & Schimmel, 1974) , from which the proteins and nucleic acid-protein complexes were precipitated with ethanol, separated by S D S -P A G E , blotted to nitrocellulose filters and analysed for their content of viroids by hybridization. If, in this experiment, free viroid was in the phenolic phase at all, it would not be detected on the filters because only by baking would free nucleic acids be fixed to the filters. Binding of viroids to the filters was therefore mediated solely by the protein crosslinking with the viroid. The distribution of viroid-protein complexes in the sucrose gradient fractions is shown in Fig. 3 . Only in fractions 5 and 6 were hybridization signals clearly visible over the background. The sedimentation coefficients of these fractions are 7-8S and 10S, respectively. Thus, it has to be concluded that viroids are organized inside the cell in well defined complexes with proteins. Furthermore, it was seen from the SDS-PAGE of fractions 5 and 6 that after complete denaturation of the 10S particles with SDS, distinct bands of viroid-protein complexes were visible; these had the following apparent Mr values as estimated from the marker proteins: 95K, 89K, 75K, 58K, 48K and 38K. The apparent Mr values of the complexes were correlated with those of the proteins bound to the viroid. This was achieved by combining a gel electrophoresis of the crosslinked nucleic acidprotein complexes with that of the protein alone after the nucleic acid moiety had been digested by nuclease treatment. Nucleoli from u.v.-irradiated nuclei were extracted with phenol and the precipitate from the phenolic phase was analysed by SDS-Page in the first dimension. Proteins that are crosslinked to nucleic acids migrate according to the apparent Mr of the complex, i.e. they are retarded in comparison to the corresponding free proteins. The gel slice was then incubated with 10 ml of 1 mg/ml RNase A in 50 mM-Tris-HCl pH 7.5, 5 mM-MgCI2 at room temperature for 45 min. Under these conditions the RNA moiety was degraded completely (Wilusz & Shenk, 1988) . The gel slice was polymerized into a new slab gel, and SDS-PAGE was carried out in the second dimension. At this stage all proteins migrated according to their true Mr values. The gel in Fig. 4(a) shows the non-crosslinked proteins in the diagonal and the crosslinked proteins, released from the complexes by nuclease treatment, above the diagonal. In addition a 2D gel, obtained under identical conditions to the first one but without nuclease treatment, was blotted to nitrocellulose in order to determine the position of the viroid-protein complexes by hybridization of the viroid moiety (shown by arrows in Fig. 4(b) ). The combination of results from the stained gel in Fig. 4(a) and the autoradiograph in Fig. 4(b) allowed us to correlate the liberated proteins after RNase digestion with the position of their corresponding viroid-protein complexes. As indicated by the dashed lines in Fig. 4(a) a 43K and a 56K protein could be related to crosslinked viroid-protein complexes of 52 K and 68 K. The viroid-protein complexes with apparent Mr values of 78K and 89K did not release proteins in the form of distinct bands. The additional spots migrating in front of the diagonal in the second dimension are due to complexes with nucleic acids other than PSTV as u.v. irradiation crosslinks not only PSTV but all nucleic acids in close contact with protein. 
HPLC of viroid-protein complexes
Viroid-protein complexes were fractionated by chromatography. We expected that the adsorption properties Of the complexes on anion-exchange chromatography would be determined mainly by the viroid moiety because of its larger number of charges. The chromatographic properties of PSTV are well known, since the last step of PSTV purification is an HPLC using the weak anion-exchanger Nucleogen-DEAE (Colpan et al., 1983; Riesner et al., 1987) .
Chromatography of crosslinked viroid-protein complexes
Nuclei from healthy and from infected plants were irradiated with u.v. light and subfractionated as described above, yielding a preparation of 10S particles. The extract was fractionated by H P L C as described in Methods. The elution profile is shown in Fig. 5(a) . By phenol extraction of each fraction we could differentiate between the elution of viroid-protein complexes and that of free viroid. Free viroid, which remained in the aqueous phase, was denatured by heating, blotted to nitrocellulose filters, fixed to the filters by baking, and the amount of viroid was determined by hybridization. Viroid-protein complexes were analysed by dot-spotting aliquots from the fractions without phenol extraction and without baking before the hybridization procedure; thus it was guaranteed that viroids are bound to the filters only via the crosslinked proteins. Fig. 5(b) depicts the ehtion of viroid-protein complexes (top panel) and that of free PSTV (bottom panel). No hybridization signal could be detected when, in a control, free viroids were blotted and hybridized without baking of the filters. The main peaks of viroid-protein complexes as well as those of free viroid occurred in fraction 24, which eluted at 57.5 min corresponding to a concentration of 690 mM-KCI. The elution profiles of free viroid and For a control, 0.1, 0.2, 0.5, 1"0, 2.0, 5.0 and 10 ng PSTV were applied, showing that free viroids were not bound to the filter. The spot is due to an impurity. A fraction corresponds to 2.5 min elution time. Bottom panel shows analysis of the fractions for their content of free viroid. For a control the same concentrations of PSTV as stated above (for the analysis of viroid-protein complexes) were applied to the filter. that of viroid-protein complexes looked very similar, the only difference being that the complexes eluted over a broader range of ionic strength. An aliquot of fraction 24, in which viroid-protein complexes eluted, was digested with RNase T1 in order to release the proteins that were crosslinked to viroids. In the gel electrophoretic analysis a 43K protein was detected (data not shown). A reference HPLC was carried out with u.v.-irradiated 10S particles from healthy plants. The two elution profiles appeared similar but gel electrophoretic analysis of fraction 24 after RNase digestion did not show the release of the 43K protein. It indicated that the 43K protein was part of the viroid-protein complex.
Chromatography of non-irradiated viroid-protein complexes
H P L C of non-irradiated 10S particles from infected and from healthy plants was expected to yield additional information about the nature of the viroid-protein complexes. The elution profiles of samples from infected ( Fig. 6a) and from healthy (Fig. 6b) plants looked similar. The elution peak of PSTV, as identified by dot blots, appeared after 58 min in fraction 24, i.e. 690 mM-KC1 (Fig. 6c) . The very broad peak occurring between 60 and 80 min was similar in samples from infected and healthy material; it did, however, vary between different preparations.
The protein content of all fractions was analysed by SDS-PAGE. The results are shown in Fig. 7 (a) (infected) and 7(b) (healthy). In both experiments most of the proteins elute within the void volume. In the gradient fractions no silver-stainable proteins have been detected except in fractions !6 to 18 and 26 to 32. First, the elution occurring later than the viroid elution in fraction 24 will be described. These proteins were evidently not eluted from viroids but from much larger nucleic acids. Fractions 26 to 32 correspond to the large elution peak between 65 and 80 rain, which varied somewhat between different preparations. Also the obvious band in fraction 26 was not reproducible in different preparations.
In fraction 17 from infected as well as from healthy material, proteins of 30K, 28K, and 24K were eluted. In addition to these, proteins of 40K and 43K were detected only in infected material and not in healthy material. The 40K protein will not be discussed further, but our attention was drawn to the 43K protein because it had also been identified in the other experiments as part of viroid-protein complexes. The protein eluted at a KC1 concentration of 610 mM which was lower than the ionic strength eluting the viroid. Because the 43K protein eluted from the column also at low ionic strength and in the case of samples from non-infected material only at low ionic strength, we conclude that the protein is bound to the column via its interaction with PSTV. Therefore at 610 mM-KCI its interaction with the viroid molecule had ceased. However if the viroid was in a complex with the filter-bound 43K protein (see Fig. 1 ), it could be washed off at a NaC1 concentration of approx. 0.4 M. The increase in the eluting ionic strength may be due to an additional interaction of the protein with the chromatographic resin. Dissociation of the complexes on the filter was achieved by NaC1 and in HPLC by KC1 in the presence of 6 M-urea. KC1 rather than NaC1 and the presence of urea may have shifted the elution in the anion-exchange chromatography as found also in earlier experiments (Hecker et al., 1985) .
DISCUSSION
It has been reported earlier (Schumacher et al., 1983) that the majority of viroids are located in nucleoli. In the present work several lines of experimental evidence showed that in the nucleolar fractions viroids are associated with proteins. This was concluded most convincingly from the finding that covalent crosslinks could be introduced between viroids a n d proteins by u.v. irradiation of isolated nuclei from infected plants. Subfractionation of the irradiated nuclei in situ showed the presence of fixed viroid-protein complexes in the nucleolar fraction. The gel electrophoretic analysis of those cellular complexes showed several species which were characterized by their apparent Mr values (summarized in Table 1 ). These values were compared with those of viroid-protein complexes that had been reconstituted in solution. For that purpose crude nuclear protein extracts were incubated with purified viroid and the resulting complexes were covalently fixed by u.v. radiation. The gel electrophoretic analysis revealed 92K  85K  72K  72K  56K  56K  46K  47K  -42K  36K  33K several defined complexes with the apparent Mr values also listed in Table 1 . In the case of the viroid PSTV, four complex species were found with very similar apparent Mr values whether they were reconstituted in vitro or identified in situ (72K, 56K, 46K and 36K). In addition to those four complexes, two cellular complexes with higher Mr values and one reconstituted complex with a lower Mr could be detected. The crude nuclear protein extract is apparently a good source for the isolation of viroid-binding proteins, and viroids have intrinsically a high affinity for these proteins. The number of different complexes formed is clearly limited by the circularity of PSTV because linear transcripts form more complex species. Furthermore it is known from thermodynamic studies that linear molecules exhibit structures deviating from that of circular molecules and may even form bimolecular complexes (Hecker et al., 1988) . Both could explain the additional complexes of higher Mr. It is also possible that linear molecules are more accessible to RNase in the nuclear protein extracts. Therefore, the additional complexes of low Mr may be complexes of proteins with partially degraded transcripts. They may represent specific regions of transcripts which are protected against RNase degradation by binding to proteins.
The 2D gel electrophoresis showed that the 43K protein migrates within the basic front during NEPHGE, thus having an isoelectric point (pI) higher than 9. Because of its nucleic acidbinding properties it is not surprising that the 43K protein is basic. In that respect it is similar to the histones. No component in the 43K band with a pI value lower than 9 could be detected. It is highly improbable that the 43K band would contain a species with a pI value higher than 9 which would not have viroid-binding properties. Therefore, it is reasonable to conclude that the binding of viroid to a 43K protein includes binding to all molecules of this Mr value and not to only a small subfraction. As seen from the reconstitution of complexes after 2D gel electrophoresis, the other viroid-binding proteins are also basic.
Complexes crosslinked by u.v. radiation can be released from nucleoli by DNase I digestion and sonication. The analysis of their sedimentation behaviour in a sucrose gradient centrifugation yielded sedimentation coefficients of 8S to 10S within a fairly narrow distribution. Viroid-containing particles that were prepared under the same non-dissociating conditions but not crosslinked by u.v. radiation exhibited similar S values, i.e. approx. 10S, although the distribution was broader (Wolff et al., 1985) . Thus, our present data confirm the earlier finding of 10S particles and show that those particles were not an artefact from the preparation procedure but in fact exist inside the nucleus. The only influence of the preparation in the nature of non-crosslinked particles may be seen in the somewhat broader sedimentation distribution.
The results from anion-exchange HPLC also demonstrate that intact viroid-protein complexes may be prepared from nucleoli; the complexes remained intact up to an ionic strength of 0.6 M-KCI. It confirms that the nature of complex formation is mainly electrostatic as could be expected from the basic pI values of the proteins involved. In experiments with extracts from infected plants, the finding that the 43K protein was eluted from the anion-exchange column, despite its basic pI value at high ionic strength (610 mM-KC1), shows that this protein cannot be bound to the chromatographic resin by itself but is intimately related to diseaseassociated complexes. By two independent experiments, it has been shown that the 43K protein could be liberated from the complex by RNase digestion; HPLC and 2D gel electrophoresis of crosslinked viroid-containing particles. It could be argued that the 43K protein may be bound to an RNA comigrating with the viroid but not to the viroid itself. This possibility seems to be highly unlikely because the RNA-43K protein complex was found only in samples from infected plants and not in those from healthy plants. Therefore one may conclude that the 43K protein not only reconstitutes into the viroid-protein complex in vitro but is also a major component of the cellular complexes.
Two questions remain to be answered. First, how specific are the cellular viroid-43K protein complexes ? Control experiments have shown that other nucleic acids, e.g. 5S RNA, compete for 43K binding only in 10000-fold excess. The stability of the viroid-43K protein complex in HPLC indicated a particularly high affinity. Histories, however, showed a similar behaviour to the 43K protein in competition experiments as well as in ionic strength dependence. It would be an overstatement to say that viroids were recognized specifically in the cell by the 43K protein; it is more accurate to assume that after their synthesis viroids are complexed by a protein which binds strongly in comparison to other proteins and is present in high abundance at the location of viroids, which is the nucleolus.
The second question concerns the identification and function of the 43K protein itself. Only hypotheses are available at present ranging from ribosomal proteins to transcription factors. Hypotheses for the functional relevance of the viroid-43K protein complex can be considered seriously only after identification of the protein. The general function may be the storage of the major part of viroids inside the nucleolus and the protection over a long period of time against nuclease digestion.
